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Abstract

Reading times are a -very detailed source of data on
comprehension processes, especially in the case of recording
reading times on 1individual sentences in a passage. But
conventional verbal or mathematical theo: ies of comprehension
fail to fully exploit such data because the comprehensfon
processes are not represented 1in enough detail. Computer
simulation models of language processing are adequately
detailed, but there has been difficulty in applying such models
to experimental data. This paper presents the results obtainéd
by wusing a multiple-regression method to compare an ordin.ry
language processing simulation model to single-sentence reading
times by +fitting a linear equation to the reading times. The
candidate predic-or variables in the regression analysis are
var}ables representing the number of steps 1in each process
performed by the simq{;ﬂion in understanding each sentence.
This method was apézied to a detailed set of single-sentence
reading ti~ s. Subjects read simple passages one sentence at a
time, with the order of the sentences in the rassage being
varied. Three different reading tasks were studied: a standard
immediate free recall task, a topic identification task, and a
free reading task. The results of this simulotion analysis show
that: (1) The multiple-regression method of fitting the
simulation model to reading time data works; that is, it yields
useful information on the accuracy of the modei; (2) The

reading times on individual sentences can be decomposed into the

times required for each process 1in the simulation, such as

parsing, representation building, memorizing for recall, topic
by |
p;
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identification, and topic pointer maintenance. (3) In tHese
simple passages, reading times appear to be mostly determined by
representation building and memorization processes, while -
parsing, memory search, and topic pointer maintenance
contributed weakly, although significantly, to the reading
times. (4) The reading tasks differ substantially and 1in
theoretically meaningful ways in how much and what kind of

processing is required on individual sentences.

u




Modelling Reading Times in Different Reading Tasks

with a Simulation Model of Cemprehension

David E. Kieras

University of Arizona

Ar increasingly popular measure in the Study of reading

comprehension 1is that of reading time, or inspection time, the

time a reader takes to process a piece of verbal 1input. The

Y

rationale for wusing a reading time measure is that variables
that influence the type or amount of processing should thereby

affect the amount of time required to complete the processing.

1

In constrast to the more commonly used recall measure, Which
assesses the results of comprehension, the reading time measure

taps an aspect of the comprehension process as it occurs. For

this reason, the stuay of reading times can contribute uniquely

to our fArowing understanding of comprehension processes.

Onehpf the major uses of reading times has been to measure
~

.the time ‘taken to process an entire pas§age. Although this is
an old use of the measure, it has become really valuable
theoretically only with the work of Kintsch and others which
provides characterizations of passages in terms of independent
variables such as the number of propositiocns or arguments( e.g.
Kintsch & Keenan, 1973; Kintsch, Kozminsky, Streby, McKoon, 4

Keenan, 1975). At the other extreme, by using a laboratory

computer, Aaronson (1972; Aaronson & Scarborough, 1976) has

ERIC J
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meaéured reading times for \individual words 1in isolated
sentences. The profile of word reading times folléwed the
phrase structure of the sentence, but, most importantly, onlk_if

the subject's task was a recall task. A task involving reading

just for a later simple question produced only very small

variations in reading times.

Most of the work with reading times has required subjects

to make some judgemenf, such as true or false, in response to a
sZntence, with some linguistic property of the sentence being
manipulated. Often the manipulation involves supplying
additional information, such as a picture (e.g., Chase & Clark,
(1972) or earlier sentences (e.g., Carpenter & Just, 1975), that
change some implicit property of the test sentence. The logical
unit of study of such experiments is thus the comprehension of
the single sentence. While this procedure is the obvious one to
use to explore many issues in comprehension, clearl making a

tfue-false judgement of a sentence 1is _a task that might

dramatically alter the processing time comﬁsfed to some other

task.

Other studies have used reading times to study how
sentences are 1integrated. While the time to procesirgxsingle
sentence is still the measure, the interest is directed towards

the relations between the sentences. For example, Haviland and

Clark(1974) studied the operation of the given-new contract in

sentence comprehension. According to this view of integration

processes, each sentence specifies some new information about

one or more given items or referents. In order to understand a

L0
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sentence{ the remder must identfy the given and new portions «f
the sentence, locate the representations of the <given

information in memory, and ad the new information to these

representations. Haviland and Clark's subjects read pairs of

sentences wnich differed in whéigfr references in the second

. sentence could be resolved to referents postulated 6y the first

sentence. Subjects simply pressed a button ,wuen they thought
they understood  ezch sentence. Sentences whose referents were
given were processéd faster than 1if they were new. Other
examples of 1integration studies using reading times Haber;andt
and Bingham(1978), who showed that verbs <can govern the
integration of sets of simple sentences, and Mynatt and

Smith(1977) who tested a2 model for integration in extermenrly

= &

simple passages describing linear orderings.

A set of experiments by Kieras(1978), using reading times

for individual sentences in a passage, is of speeial interest

here because they are the precursors of the experiment reported
in this paper. Integration was studied in simple passages,
similar to those of Bransford and Franks(1971), which differed
in the goodness of their text structure. The passages consisted
of seven simple one-proposition sentences that could 1logically
be presented in any order. The main idea sentence could appear
either at the beginning or the end. The sentences could be in a
-oherent order, in wnich each sentence contains at least one
Riven referent, allowing it to be immediately integrated. Or,
the sentences could be arranged in an incoherent order, suca
thaﬁ.the first several Sentences contain only new referents and

v

so can not be immediately integrated. Both main idea position

11
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and coherence had effects on apparent theme, recall, and reading

times. In particular, the reading times were shorter ©n

these same sentences

sentences with given referents than when

contained only new referents. The 1incoherent order thus

required longer average reading times, particularly on the

initially unintegratable sentences. The interpretation was that

order

the initially unintegratable sentences in the incoherent

produced a higher memory load and so slowed down processing.

L) .
However, the strongest and most - consistent reading time
differences were between sentences of different structure, such

as The ants were hungry and The ants ate the jelly.

Furthermore, the pattern of the reading times depended on the

and in

ry
Jowd
Jowd

jb%

. . aa . . . .
vask, showing different patterns in an immediate reca

theme idéntification task, and no effects at all in a delayed
1

recall task (see Kieraé, Note 1, 1978).

The conclusion to be drawn about these studiss of reading
time 1is that measuring this variable 1is clearly a powerful
meihodology that can yield a 1lot of information about
comprehension processes. However, as commented above, the
pattern of reading times can differ considerabiy depending on
the task. Hence providing a temporal characterization of
comprehension processes based on reading times willlrequire that
the reading task be taken §eriously into account.

Modelling Reading Times

The 1logic of wusing a reading time measure 1is that
differences 1in the amount or type of processing shou}d show up

as differences in the amount of time required. However, the

12
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’

comprehension process is beliecved to be extremely complex,
consisting of several subprocesses such as word perception,
syntactic analysis, mzmory search, integrs.i1on, memory storare,
and other processes, such as schema-using strategies. The
problem in devising models for reading time is how to assign
di fferences in reading times to these several subprocesses, and
N

so decompose the total reading time into theoretical components.
For example, in the data in Kieras(1978), the longer reading
times for the unirtegrable sentences could be due to dif ferences
in memory search, integration, topic ma}nteﬁance, or storage
processes. Also, the diiierences 1in reading time between

- sentences of different types, such as between the ~Simple

one-noun sentences like The ants were hunrgry and the more

complicated two-noun sentences like The ants ate the jelly, can

not be interpreted at all since they differ not only witn regard
tc these same processes, but also ir the amount of syntactic

analysis and the amount of content information as well.
y :

The approach generally taken to ensure that reading times
can be interpreted in a theoretically wuseful way is to use
carefu) manipulations that hopefully affect only the process of
interest, and to use either general models that make only
dirrctional predictions, for example, Kintsch(1977), or highly
specific mathematical models tailored to particular experiments,
such as Carpenter and Just(1975). These approaches are required
hecause the extant empirically-based theories of comprehension
are not #ble to describe comprehension .rocesses at a level of
detail that would enable. the theorist to completely divide up

the total reading time for a sentence amo¥® the subprocesses.

12
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RBecause of this, the field 1is faced with an impasse in that

computerized laboratory technolbgy and the systems of
propositional analysis of verbal materials now available (e.g.,
Kintsch, 1974) make it possible to collect extremely detailed
data about reading times, but conventional methods of theorizing
can not be depended on to exploit this empirical detail to

develop general models.

In contrast to conventional theories of comprehension, the

computer simulation models of comprehension and the allied
efforts in artificial intelligence are committed to describing
at a general level and in great detail exactly what must be done
in comprehension. Because of this feature, it is possible to
use computer simulation as a theoretical tool, to try out
different ideas about comprehension to see 1if they actually

work. This has enabled thecorists abcut comprehension to account

for &« wide variety of co - nsion processes, ranging from the
basic level of senteiice integration (Kieras, 1977), tc
hign-level schema-directed comprehension (e.g., Schank, 1978).

However, 1little has been done with such models as explanations
for the usual type of laboratory data. In fact, a major problem
is how such models could be tested against data. At a recent
national conference on the evaluation of computer simulations in
psychology (Ann Qrbor, August, 1975) the consensus was that
although simulations are clearly one of psychology's most
powerful theoretical tools, there 1is a major problem in
evaluating the empirical accuracy of a simulation model. There
is simply no equivalent to the simple, elegant, and rigorous
techniques familiar in the older mathematical models. Hence, as

14
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interesting and theoretically stimulating as simulation models
are, their value in actually accounting for experimental data

remains questionable.

Simulation modelers have attempted to cope with the
evaluation problem in several! ways. Some, such as Newell and
Simon(1972), emphasize modellifig individual subjects,
circumventing the difficult problem of inter-subject
variability, but suffering the problem of a lack of
generalizability. Others, such as Anderson(1972) and
Hintzman(1968) have developed stochastic simulations which
produce noisy data similar to that of subjects, and so can be
comparea directly to the data by ordinary statistical
techniques. However, such simulations are difficult to work
with and expensive to run. The aritificial intelligence
technolory typically wused in computer simulations is much more
suited to modelling deterministic processes. Other modellers
have, in effect, disclaimed trying to account for experimental
data, apparently feéling that the theoretical return on devising

a simulation is worth the ambiguitv in its empirical status.

An Approach to Simulation Testing

This paper makes use of an approach to testing a simulation
model of ©prose comprehension that enables the model to predict
reading times on individual sentences in simple passages like
those in Kieras(1978). The extent to which the model succeeds
in fitting, and the details of the fit, allow a comprehensive

evaluation of the accuracy of the model to be made.

, 15
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The approach is a larger scale version of that used by
Carpenter and Just(1975) to fit simple constituent-testing
models of verification time to the observed mean times. Their
models contain a variable consisting of the number of
constituents to be matched. Under the assumption that each
constituent match takes a const nt amount of time, the predicted

#

verification time is thus & linear function of the number of

constituents. An ordinary regression.\}ine is fitted to the
data; the siope of the line is the coeffi%ient of the variable,
the time per match, and the intercept is the time to perform the
other, remaining, components of. the task. Finally, the
correlation coefficient, or 1its square, provides a measure of

the goodness-of-fit of the model irn terms of the percent of

variance among the observed mean times accounted for.

The method used herz is essentially the same, but 1in a
multivariate case. Again, the reading time on each sentence is
the dependent variable. The independent, or predictor,
variables are variables whose values are supplied by the
simulation model. That is, the simulation model has many
different internal prccesses, each of which consists of & series
of steps. The number of steps in the individual processes may
vary, depending on exactly what the simulation must do in order
to understand an indivicdual sentence in the context of the
preceding sentences. The number of steps 1in each kind of
process for each input sentence i3 a set of values for predicter
variables in a multiple regression analysis. The‘results of the

regression analysis are a set of coefficients, one for each

variable, that can be interpreted as the number ofzéeconds

16
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required for each step in the corresponding process. As in the

simple case, the intercept of the regression line is the amount

of time taken for all other processes. And also as before, the

square of the correlation coefficient gives the proportion of

variance among the mean reading times accounted for by the

regression equation, and 1is thus a measure of the accuracy of

the model. By examining where reading times predicted from the

regression equation match and mismatch the observed reading

times, this overall measure of goodness-of-fit can be aygmented

by the detailed conditions under which the model is a good fit

or a bad fit.

This technique hars a major advantage in that a

deterministic simulation model, using the available artificial

—.

technolory, can be wused to predict statistically noisy
experimental data. However, there are important 1logical
implications of this approach. The resulting modelling
situation 1is that we have not just a simulation model and a set
of data, but also a statistical model that. provides a bridge
between the simulation and *he data. Certain assumptions are
thus implied. The data are assumed ﬁo be essentially
deterministit, with the only random component being a simple
error term. Hence the psychological processes are assumed to be

basically deterministic.

More significantly, the reading times are assumed to be a
simple linear function of the variables provided by the
simulation model, with no other variables involved. If so, tnen

the equation and the logic of 'the regression analysis make up

17
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nothing more than a statistical model linking the simulation to
the data. However, if in the ~course of building a good
regression equation, variables are 1included that are not

directly provided by the simulation, thelresult is that the

statistical model has substantive content which the simulation

While such a situation is not necessarily bad

fails to include.

in terms of the overall value of the analysis, it clearly means

that the simulation alone is not an accurate or complete model

of the substantive features of the data.

This method was tried out with a subset of the data from
Kieras(1978); the results of this trial were reported in
Kieras(Note 2). Two sets of reading times for individual
sentences in simple passages were used: one set was from a
coherent presentation order, the other an incoherent order. The
reading time profiles were rather different for the two
presentation orders. Applying this method to fit the simulation
model (basically that of Kieras, 1977) to this small set of data
showed that substantively different versions of the simulation
could be distinguished by their goodness-of-fit to the data.
The worst fitting version coula account for only 62% of the
varia?ﬁe among mean reading times, the best for 83%. However,
these results could hardly be considered conclusive, since they
were based on only 14 data points, and these were extracted from
a more complicated set of reading times. Furthermore, the data
were obtained in a recali task; as described above, other tasks
could be expected to produce rather different patterns of

reading times.
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The remainder of the paper is divided 1inte two sections.
The first describes an experiment using three different tasks
that yielded a detailed set of data on reading times 1in simple
passage§, and the‘ standard statistical analysis of these
results. The second section of the paper is an analysis of the
reading times wusing the above-described method ~f fitting a
simulation modei to the reading times. The simulation is first
d2scribed, followed by the results of model fitting. Since a
relativeyy complicated experimggt, a simulation model, and the
model fitting results, all have to be described, this paper is
necessarily more complex and extensive than the usual empirical

report.

EXPERIMENT ON RCADING TIMES

The experiments in Kieras(1978) suggested that memory load
resulting from incoherence and also the position of the main
idea at either the peginning or end of the passage were
important to reading time, recall, and apparent theme. Passages
in which some of the sentences could not be immediately

integrated took longer to read on those same sentences, and

demonstrated lower recall, especially on these same unintegrable

sentences. . However, the results on reading time were obtained
only by imposing a heavy processing load on the subjects; they
were required to read and integrate the sentences from three
simple passages at the same time. This is'a rather artificial
reading situation. As a follow-up to these results, the present

experiment was designed to produce effects on reading time as a

1S :
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function c¢f presentation order with subjects reading only a4
3ingle passage. This was achieved by means of longer passages,
which would 1impose a higher memory load, and having subjects
produce immediate recall (see Kieras, 1978). Furthermore,
rather than contrasting only coherent with incoherent
presentation orders, three levels of coherence were used. The
level of coherence was determined by following a suggestion in
Kieras(1978) and computing the average numbe; of chunks, or
unintegratved sentences, being maintaiﬁeh during the reading of
each sentence. The coherence factor was crossed with the
position of the main idea sentence, which appeared at the
beginning or at the end, giving a total of six different
presentation orders. In order to assess the effects of
di fferent reading tasks, three different task instruction
conditions were used. These were a Recall Task of standard
immediate gist recall, a Topic Choice Task requiring subjects to
choose the topic ¢f the passage, and a Free Reading Task similar
to that used by Haviland and Clark(1974).

Experimental Method '

Materials. Twenty-four passages were usad. These were
similar to those wused in Kieras(1978) but had additiénal
sentences added for a total of eleven sentences per passage.
The passages had a propositional structure shown.in Figure 1,
consisting of a central proposition labelled A, and two branches
elaborating on the subject noun concept(N1) and object’nouh
concept (N2) of this propositicn. Logically, proposition A would

seem to be the main 1idea, and so the Type A sentence can be
2 . -

terhed the topic §entgggg. This is also justifiable because the




Figure 1. Propositional structure of the passages.
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sentence is the most popular choice for the apparent

theme in the results in Kieras(1978) and several unpublished

experiments on apparent theme in these simple passages.

The

propositions B, ¢, F, G, J, and K were simple

predications of one of the noun concepts, and were expressed in

a sentence frame having the form The noun was adjective. The

propositions A, D, E, H, and T consisted of a relation between

two of the nouns, and appeared as the sentence frame The noun

was relation the noun. The relation in these sentences was

either an ~ing form of a verb, a preposition, or sometimes a

more complex relation such as was attached to or was in tune

with. These more complex forms were used only for the Type H

and I sentences, and only when necessary to permit a reasonably

natural passage to be constructed. Unlike the passages 1in

Kieras{(1978), the proposition A senterce was not different in

form from the other two-noun sentences. The verb appeared in

the -ing

sentences.

form, which was similar to the other two-noun

Table 1 contains an example passage with the

sentences labelled according to Figure 1.

The different passage presentation orders are shown 1in

Table 2.

There are three pairs of orders; the members of each

pair differ in whether the topic sentence appears at the

beginning or at the end. Within each of these pairs, the

sentence order is identical expect for the position of the Type

A sentence. The three pairs differ in the level of coherence.

Shown in Table 2 is a me2asure of coherence, the av%gage number

of chunks, or unintegrable sentences that have been‘bréviously

\ 20
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Table 1

Example of Passages
A. The ants were eating the jelly.
B. The ants were hungry.
C. The jelly was grape.
D. The ants were in thg kitchen.

P E. The jelly was on the table.

F. The kitchen was spotless.
G. The table was wooden.
H. The kitchgn was equipped with the blender.
I. The table was against the stove.
J. The blender was white.

K. The stove was hot.

4]
Co




Table 2
Passage Sentence Presentation Orders
Showing Chunks Present During Each Sentence

_______________________
Coherence Topic Order Average Chunks
High First ADBFHJCEGTIK

Chunks 0 111111111 0.91
High Last DBFHJCEGIKA

Chunks 0 111122222 1.36
Medium First A CHFJIGKDE

Chunks 0 112223332 1.82
Medium Last BCHFJIGKDEHA

Chunks 0 2333441432 2.qu
Low First AJKFGBCHTIDE

Chunks 012345551432 3.09

 Low Last JKFGBCHIDEA
Chunks 0123 45651432 3.18
24
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A

presented, and thus have to be malintained while reading each
sentence. Although the position of the topic sentence in these
passages unavoidably affects the coherence to some extent, the
members of each pair of orders are fairly close in coherence

level.

~
S

Design and Subjects. The task factor was between~-subjects

and the 4two presentation order factours of Topic Position and
Coherence were within-subject. Since the orders were obtained
by simply changing the order of presentation of the passage
sentences, all 24 passages could appnear in any combination of
tirst or last topic sentence position, and high, medium, or low
coherence. Each subject saw all of the 24 passages, which were
assigned at random to presentation order conditions for eacH
subject under the constraint that each subject saw four passages
in each of the éix presentation order conditions. Order of
appearance of the passages in the experiment was also randomized
separately for each subject. Hence the experimenta.
manipulations were all within-passage manipulations, and
interactions of individual passages with experimental conditions

would be confounded with subject variability.

The Recall Task subjects were run first, followed by the
Topic Choice and Free Reading Task subjects about a month later.
In the Recall Task.portion of the experiment, about 40 subjects
were rwg individually, with serious equipment failures causing
partial data loss for all but 29 subjects. Only the data for

these 29 subjects was retained for analysis. After the

Lo

defective equipment was replaced, 30 éubjects for each of the

<0
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Topic Chojce and Recall Task were run in groups of one or two,

with aitérnate groups of subjects run in each task condition.

Subjects were University of Arizona undergraduates of both
sexes. The subjects in the Recall Task were introductory
psychology students who received éxtra credit for participating,
while the Topic Choice and Free Reading subjects were recruited
through campus ads and were paid‘$2.00 for participating. There
is a definite possibility of a general motivational difference
bet ween the credit and paid subjects; the extra credit subjects

appeared to be very diligent and highly motivated compared to

the paid subjects.

Equipment and Procedure. A Data General MicroNOVA

laboratory computer was used to generate the randomized passage

sequences and to display the passages one sentence-at a time and

collect reading times (Kieras, in press). Up {o two subjects
could be run concurrently. Each subject sat in a booth at an 80
X 24 upper/lower-case Teleray video terminal driven at 9600
Baud. Theg§entences appeared in tﬁe center of the screen. When
the subject tapped the space bar, the sentence disappeared and
was replaced with the next. When the last sentence of a passage
had been read, an instruction appeared for the subject to
recall, write a title, or to continue on to the next passage,
depending gdh the tasxk condition. The time each sentence was
left on the screen was recorded with a grain of 1.83105 ms, the

period of the MicroNQVA's internal built-in real-time clock.

26
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After reading a set of instru2tions, the subject read and
respended to a practice p;ssage presented. in un arbitrary
sentence order. After baing checked to ensure understanding of
the task, the subject was allowed to procede to read and respbnd
to the 24 experimental passages. The subject wrote the recall

or titles down by hand on a notepad..

Task Instructions. The instructions for the three tasks

were intended to inform subjects as fully as possible about the
ndture of the task and its reqquements.j The Recall Task
subjects were told that the experiment was "concerneq with how
people read and remember information from sim e stories or
parafgraphs under ~nnditions in whiech there can be a 16t of
information to remember for & short. time." They were warned that
"nge of the paragraphs will be preserted in a way so that the
sen;ences may not fit together easily. The sentences. may seem
mi;éd up. Your , task is to keep track of the information, and

fit the entire Atory together. Even if the paragraph seems

confused, 1it/always fit: cogether. Sometimes this will be easy

to do, other times, it will be fairly difficult.” The .

instructions required that the recall be in the form of complete
f
sentences, but verbatim recailrwas not %equired. Sub jects were
' L ]
urged not to waste time and to avoid pausing while;reading time

.

was being recorded.

The Topic Choice subjects were instructed similarly to the
recall subjects except that instead of recall, they were asked
to produce "a title, or a statement about t(he topic of the

paragraph." This title statement had to obey the following

27
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rules: (1) It must name a_person or thing actually mentioned in
the paragraph, rather than something inferred or deduced. (2)
It must name a single person or thing; (3) It should be a shor:

phfase, not a sentence. Subject- were urged not to waste time

as described above.

Because of the lack of the demand in the Fre2 Reading Task,
the instructions for this condition were carefulily prepared.
The Free Reading .subjects: were told that "the experiment
concerned the amount of time it takes to understand each
sentence ... For this experiment to work, it is very important
that the time you 1leave each sentence on the screen is an
accurate reflection of how long it actuall; takes you to

understand 1it. ...» read and tHink about each sentence long

- enough to understand it, and understand how it fits 1into the

complete paragraph. But do not spend any longer on the
sentence. Especially do not try to memorize the sentences.
This is NOT a memory experiment. You will not be tested on what
you reme.iber. ... S0 as you read each seﬁfénce, as soon as you
feel that you fully understand its meaning, and how it relates

to the other sentences in the paragraph, immediately tap the

space bar and go on to the next senpence."

Experimental Results

The data were first subjected to a set of standard
statistical anaiyses to confirm that the experimental
manipulations were effective and that the basic data used in the

simulation ana'ys2s were reliable. The results under these

28
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standard analyses will not be given any detailed discussion here
since the simulation analysis 1is able to provide a more

comprehensive and theoretically motivated account.

- Recall Task Recall Results. The recall protocols were

scored blind for gist reproduction of the presented sentence
propositions, as described 1in Kieras(1978). The recall
piroportion was computed for each of the eleven proposition types
in the six presentation order conditions for each of the 29
subjects, collapsing across passases, thus yielding 66 data
points per subject. The mean proportions of recall areé shown in’
Table 3. These data were subjected to a 2 X 3°X 11
within-subjects ANOVA in which Topic Sentence Position,
Coherence Level, and Proposition Type were factors. The overall
mean proportion of recall was .64. Recall was higher for topic
sentence appearing first, .67, than for topic sentence appearing
last, .62, (F(1,28)=17.04, p<.01). Recall declined as coherence
declined, being .71, .65, and .58, for high, medium, and low
coherence, respectively (F(2,56)=38.13, p<.01). The proposition
types differed in 1level of recall (5{10,280):25.57, B<°O1)"
Propasition A was recalled best, followed bty the linking
/ propositions D and E, with all others having roughly similar

levels of recall.

Interactions appeared between Coherence and Proposition
Type (F(20,560)=2.13, p<.01), Topie Position and Proposition
Type (F(10,280)=2.08, p<.05), and Coherence, Topic Position, and
Proposition Type (F(20,56)=2.77, p<.01). These intéractions,

especially the three-way - interaction, show that recall for

23




Table 3

Mean Proportion of Recall for Each Sentence Type

Coherence Topic A D E H I

High First .86 .82 .84 .72 .74
High Last .92 .81 .78 .66 .55
Medium First .85 .76 .81 .67 .59
Medium Last .82 .76 .66 .68 .57
Low First .76 .73 .80 .52 .58
Low Last .78 .63 .72 .59% .56
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N

individual propositions was differentially af fected by
presentation order, confirming that the presentation order

~manipulations were effective.-

Topic Choice Results. The topic choices were scored blind

for verbatim or synonymous reproduction of one of the six nouns '
from the presented passages. The distribution cf choices is
shown in Table U4, where the labels N1 through N6 correspond to
those in Figure 1. About 20% 5f the responses were scored as
"other" in that they mentioned more than one noun, or nouns that
were generalizations, such as a label for a standard situation
described 1in the passage. These responses were essentially
schema labels, but will not be discussed further here. As a
simple check on whether the pattern of topic choices in Table 4
depends or the presentation order, a chi-square statistic was
computed in which the null hypothesis was that Coherence Level,
Topic Senterce Position, and Topic Choice were independent
factors. The departure from mutual independence was significant
(X2(32)=50.44, p<.J5), showing as above, that ’the subjects’
responses were differentially affected by the presentation
orders, meaning that the order manipulations were also effective

in the Topic Choice Task.

Reading Times. The data of primary interest, the reading

times, were collapsed for each subject across the four passages
in each condi-ion to yield a set of 11 reading times for each
subject, one for each sentence type, in each of the six

presention order conditions. The mean reading times for the

three tasks are shown in Tables 5, 6, and 7. To show that the
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Table U

Distribution of Topic Choices of Each Noun

High First 49 .23 .08 08 00 00 20

High Last .46 .18 .07 .02 .03 .02 .22

Medium First .48 .18 .02 .10 .02 .01 .20

‘Medium Last .53 .13 .06 .07 .03 .02 A7

Low First .50 .16 .06 .08 .02 .01 .18

Low Last .35 .13 .12 .10 .08 .02 .22
32
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experimental manipulations had effects on reading times, the

As.

data from each task were subjected to separate ANOV

The Recall Task reading times had a grand mean of 3.802
seconds, and showed no significant main effects of Coherence
(p>.1), or Topic Position(F<1). Proposition Type did have -a
significant main effect(F(10,280)=7.49,p<.01). The presence of
interactions between presentation order conditions and
Proposition Type indicates that the presentation conditions did
influence reading time on individual sentence types.
Proposition Type interacted with Coherence (F(20,560)=1.97,
p<.05), Topic Position (F(10,280)=2.56, p<.01), and with both

Coherence and Topic Sentence Position (F(20,560)=1.75, p<.05).

The Topic Choice reading times had a grand mean of 1.817
seconds, and showed significant effects of Coherence
(F(2,58)=7.04, p<.01) in which the 1loser the coherence, the
longer the reading time. The topic sentence appearing first
produced shorter reading times than if it appeared last
(F(1,29)=3.25, P<.05). Proposition Type was significant
(F(10,280)=20.42, p<.01). The three-way interaction was not
significant (p>.1) but Proposition Type 1interacted with

Coherence (F(20,580)=2.71, p<.01) and with Topic Position
(F(10,290)=3.68, p<.01).

The Free Reading Task reading times had a grand mean of
1.525 seconds. Lower coherence was again associated with longer
reading times (F(2,58)=36.87, p<.01), but Topic Position had no
effect (F<1).  Proposition Type was significant (F(10,290)=

43.20, p<.01). Coherence and Topic Position interacted

3434
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(F(2,58)=4.09, p<.05). Proposition Type interacted with
Coherence , (F(20,580)=6.65, p<.01), with  Topic Position

(F(10,290)=5.81, p<.01), and marginally with both Coherence and

Topic Position (F(20,580)=1.547, .05<p<.10).

Discussion of Eyperimental Results

The standard data analyses are intended only to show that
the experimental maripulations produced reasonaole effects irn
the reading times, with additional confirmation provided by the

effects on recall and topic choice in two of the tasks. The

most general indication that the presentation order
manipulations were effective appears 1in the many significant
interactions of Proposition Type with one or both presentation
factors. These show that the reading time, apparent topic, and
recall of the very same passage Sentences differs with the order
~in which they appear in the passage. The recall and topic
choice effects are comparable to the corresponding effects
reported in Kieras {(Note 1; 1978) and so will not be discussed
any further here because .the reading times are of primary

interest in this paper.

Overall, the Recall Task by-'far produced the longest and
most variable reading times. As would be expected, the Free
Reading Task produced the smallest and ,1east variable reading
times. The Topic Choice Task reading times were only slightly
slower and more variable than the Free Reading times. Hence 1in
terms of overall reading time, the Free Reading and Topic Choice

Tasks are very similar, with the Recall Task being markedly

34
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different.

AIﬁﬂterms of the reading times for each sentence, the means
in T;blesz 5, 6, and 7 present no‘easily discernable patt-~rn.
While many differences carn be pointed out and discussed by
piece-meal comparisons, conventional wéys of looking at results
of such detail and complexity produce no coherent theoretical
conclusions. The simulation analysis reported next is able to
provide a comprehensive account of the pattern of reading times

in the three tasks.

SIMULATION ANALYSIS

The original goal in developing the simulation model was to
explore in some detail the processes that would have to be
involved in sentence 1integration. The model would have to
understand given and new references correctly, so that, after a
series of sentences were read in, the model would have in memory
an integrated representation of the passage content. In order
to devise the model, theoretical ideas had to be developed on
the function of noun phrases, the use of long-term memory
information during integration, and how the processing of each
sentence should take into account the context supplied by the
previous sentences. An important step was assigning the passage
topic the‘ specific role of acting as ¢ summary of the passage
context. Throughout the simulation, certain popular
pre-existing ideas about 1anguagé processing were used, such as

current notions about memory representations, memory search, and

sentence parsing. This means that what 1is being teséed




Table 5
Mean Reading Time of Each Sentence

in Each Presentation Order in the Free Reading Task

Sentence High Cdherence Medium Cohef%nce Low C,olfxer'erme":1

A
B
C
.D
E .
F
G
H




Table 6
MeannReading Times for Each Sentence

in Each Preseritation Order in the Topic Choice Task

. Sentence High Coherence Medium Coherence Low Coherence
Type e reccmee——e——— T -------------;-7

Topic Topic iopic Topic Topic Topie

First Last First Last First Last
A 2.TH4T 2.345 2.411 2.07x 2.479 2.301
B 1.393 1.527 1.437 1.840 1.704 1.667
C 1.509 1.648 1.440 1.712 1.523 1.629
D 1.797 2.246 1.994 1.988 2.190 2.2717
E 1.778 1.739 2.094 2.076 1.93* 2.027
F 1.437 1.601 1.486 1.525 1.654 1.692
G 1.553 1.534 1.477 1.545 1.719 1.611
H 1.771 1.782 2.004 2.088  '2.039 2.351
I 1.806 1.787 1.924 2.003 1.960 1.964
J 1 506 1.509 1.508 1.605 1.743 1.949
K 1.622 1.71 1.647 1.664 1.848 1.752




Table 7 )
—

~” ' Mean Reading Times for Each Sentence

in Each Presentation Order in the Recall Task

Sentence High Coherence Medium Coherence Low Coherence

Type e=eee=c=ccccveees  esccescc-os=cc=s
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empirically in this work are some of the commonly held notions

about how language might be processed.

2

The simulation model was not originally inte;ged to be used
to model experimental data at the quantitative level. Rather it
was developed to meet tne informal, loose criteria for accuracy
and plausibility commonly used in~$imu1ation work. That is, the
model had to behave in an apparently realistic manner by
understanding 5’variety of sentence and text forms, and operate
using psychologically plausible mechanisms. Although this
cﬁiterion is only ioosely stated, in practice it is very hard to
mpet‘%ecause the model is required to behave appropriately for a
4ery wide range of linguistic inputs, a much wider range than is

sually addressed by conventional psychological theories of
anguage processing. Hence, although the model was not
briginally.intended to be subjected to the - formal quantitative

|

itest that 1is the subject of this paper, it nonetheless had to
fgive the appearance ’of realism by meeting many of the
requirements involved in actually processing prose.

Description of the Simulation Model

“Rather than 1indulge 1in a full presentation of the
simulation here, the reader is referred to the description in
Kieras(1977). Only some of the most important properties of the
simulation will ©be described here. Since, as mentioned above,
the simulation is used to produce numeric variables reflecting
the amount of processing, the emphasis in the following
descripfion will be on th; ééchanisms in the simulation relevant

to these variables.

39

~
bt



Page 27

In brief, the simulation model is a large computer program,
written in the LISP programming language, that accepts connected

discouréi as input, one sentenge at a time. Using a set of

text- and sentence-grammar rules, it identifie’s the given-new

structure in the input‘sentence. It Qhen searches memory for
the representations of the given referents, and after finding

~N
them, attaches to them the /étructure\\representing the new

information. A broad set of kinds of g;ven and new referents

can be handled by the model.

At the current stage of theory in cognitive psychology and
artificial 1intelligence, any model of language processing will
be severely limited. This model is no exception. Some
obviously important aspects of language, such as verb ph;ase
structure, were essentially ignored. For the purposes of the
work described in this paper, an even simpler model would have
sufficed. The simple passages sSimply do not require much in the
way of grammatical or semantic ?nalysis. ThuS, much of the
machinery in the model described 1in Kieras (1977) was not
gctually used in processing the passages for this Qork.
However, there i; nothing in the stru~iure of the model itself
that would definitely prevent the extension of this work to more

complicated sentences and passages.

Memory Representations. The memory representations are

basically a modified version of HAM memory structures (Anderson
& Bower, 1973), being most similar to HAM2 and ACT
representations (Anderson, 1975, 1976). These are Semantic

network representations, consisting of nodes interconnected with

40
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links A natural way to quantify the amount of memory structure
in such a representation is to simply count the number of 1links

in it. This measure 1is used in the work rgported The

finer details of" the network structure are not important i{n the

present context, and so will not be discussed here.

An important property of the representations that can - be
justified on 1linguistic grounds (Bach, 1968) is that the main
noun clars membership of the rererent of a noun phrase 1is
represent,ed by a sep~rate proposition, rather than by a special
link type as in Anderson and Bower's HAM (see Anderson, 1972,

1976). Hence the sentence The ants were hungry would consist of

two propositions, one being X is ants, which defines the main

/
class membership of X, the other X is hungry. Likewise, a

sentence such as The ants ate the jelly would consist of ‘three

L3

This decision on how to represent the content of noun
phrases is important, especially in regard to how the
given-newness of a referent is to be represented. If a referent
is given, theq: the. propogition defining 1its main class
membership does nct have to be huilt; if it is new, then this
proposition must be~ constructed. For example, if The ants is

given in The ants are hungry, then only the X 1is hungry

propositiosn must be constructed. While there are certainly
other ways in which the given-new status of a referent might be
represented, this one hans the advantage that the given-newness

is répresented in terms of propositions, and is thus homogenohs

in representation with the rest of the sentence content.

11
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Another important property of the répresentations“has to do
with the nature of the propositions. Using the abov; examples,
the representation for the proposition X is hingry is simpler
than that of the propozition X ate Y. The first requires only
the Subject-Predicate pair of links; the second requires two
more 1links to make up the Relation-Object form of predicate.
Hence, this representation system requires more structure ¢to

represent subject-verb-object sentences than simple

sub ject-ad jective sentences.

This HAM-1ike system may be constrasted with that of
Kintsch(1974). First of all, in Kintsch's representations,
referents which appear as arguments 1in propositions are not
separately defined by other propositions (But see Kintsch,
Kozminsky, Streby, McKoon, & Keenan, 1975). Hence, the
given-new.Aifferences would have to be represented in some other
way besides a simple difference in number of propositions.
Furthermore, in the Kintsch systems, the "fine structure" c¢.
propositions is pot defined, as in the semantic network models.
Thus, the Subject-Verb-Object and Subject-Adjective sentence
forms both appear as on unit proposition, sich as (KUNGRY,ANTS)
and (AIE, *NTS, JELLY). Here the difference between the two
kinds of propositions could be measured in terms of differences
in ntvwer of arguments; however, this measure would have to be
distingu%shed from the given-newness of each argument. The
HAM-like system wused in the simtlation simply expresses all of

these differences in referents and propositional form 1in terms

of the number of links required for the propositional structure.

ERIC 42
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It must not be thought that some things are possible in the
HAM-1ike representations that 'arehnot possible in the Kintsch
representations. While there are some problems with the Kintsch
representations, due to the fact that they are not a thoroughly
formalized system, we know that representation systems can not
be distinguished empirically, as long as they ¢an both minimally
adequate to the representational demand; of the model (Anderson,
1978, 1978; Kieras, Note 3). The HAM-like representations are
used in the model because of their greater suitability to a

simulation, and because of their property of reduéing sentence

content and referent definitions to a wuniformly quantifiable

variable, namely, the number of 1links that have to be
constructed.
« ")-: . .
Parsing. The next portion of the simulation to be

di scussed is the parsing mechanism and 1its system for
representing grammatical rules. The parser is a simple form of
Augmented Transition Network (ATN) parser. Discussion of A1N
parsers in general can be found in Woods(1970), Anderson(1976),

Rumelhart(1977), and of the parser used here in Kieras(1977).

In brief, an ATN parser consists of a network representing
grammatical parsing rules, and a program which uses the network
to analyze a sentence. The ATN consists of nodes, which
represent states of the parse, and directed links between the
nodes which r2»present possible transitions béetween the parsing
states. Each 1link consists of a coadition, such as a test on
the part of speech of the current word in the sentence, which if

satisfied, allows a transition to the next state. An action

~
[
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associated with the link is performed if the transition is made.
This action <can consist of activities such as building memory

structure, advancing to the next word in the sentence, o- saving

the meaning of the current word in a list. In processing a

sentence, the ATN parser works through the sentence 1in a

left-to-right sequential fashion, and attempts to find a
complete path throﬁgh the ‘parsing network. The actions done
along the way result in memory searches fcr given referents, and
the construction of new memory structure to represent the new
information in the sentence. In the simulation model, ATNs are
used to represent both the rul:s for parsing sentences and the
rules for the structure of tne passage as a whole, although so
far, tne text-grammars have bee. extremely simple (see Kieras,

1977).

The advantage of the ATN approach to sentence parsing 1is

that not only is it easv to use from a programming standpoint,
but it also acmits ¢t a simple quantification. Namely, the
number of ATI' 1links crossed in parsing the sentence, that is,
the number of transitions made, is a simple and natural measure
of the amount of processing required to analyze the sentence.
Differences in sentence structure show up as differences in the
number of ATN <transitions. However, differences 1in memory
search or representations do not show up here, because this

processing i3 done by the other parts of the syctem.

Memory Search. Another portion of the model that reguires

discussion 1s the system for memory search. The model uses

spreading activation to identify relevant information in memory,
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and then does an examination of specific parts of that
information to meet a particular need. This approach to memory
search is based on the Reneral ideas in Quillian(1968, 1969),
Collins and Loftus(1975), “and Anderson(1976). A spreading

activation search consists of a breadth-first parallel seaich,

starting from 3 set of activation sources which are nodes in the
memory network, and looking for some path in the network wheih
connects all of the sources together. The mechanics of thg
search consist of a simulated parallel process of tagging nodes
with the name of their activation source. h complete round of

tagging is called an activation cycle. When all nodes directly

copnected with the source have been tagged, the next cycle tags
all nodes directly connccted to the last-tagged nodes, and So
forth. Eventually a node gets ta2gged from all sources, 2and this
node lies on the path of intersection between all the sources.
The search is terminated if tco many cycles, as specified by a

termination criteriog, occur without an intersection.

In terms of processing capacity, the activation Ddrocess can
be either unlimited, meaning that all nodes directly cecnnected
to currently active nodes are tagged or limited, in which only
a certain number of nodes can be tagged in each cycle. The
original version (Kieras, 1977) was wunlimited in activation
capacity. The work described in Kieras(Note 2) led to the
development of a 1limited capacity activation process, which
appeared to be more empirically accurate. This process has an
additional parameter besides the termination criterion, which is
the total activation capacity per cycle. The two parameters are

simply set to a convenient value that allows all of the desired
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memory searches to be successful.

In terms of quantifiable measures of processing, each cycle
can be assumed to take a fixed amount of time, since it is
associated with a fixed amount of tagging work. " On the other
hand, tagging a node could take a fixed amount of time, and so

the mer2.y search time could be a function of the number of

nodes that had to be tagged. Both the number of cycles and the

number of nodes tagged can be easily counted. But, in the work
reported here, these two variables turned out not to be very

important.

One more quantifiable aspect of the memory search process
is the number of activation sources. The more sources competing
for the limited activation capacity, the longer it takes to find
an intersection. However, this measure of memory search
processing is closely connected with assumptions concerning
which nodes are chosen for activation sources and how they are
kept track of during reading. That is, a central part of the
work originally done with the simulation was a study of how the
topic of a passage could be used to guide memory search. This
was done by simply including the node representing the passage
topic in the list of activation sources for all memory searches,
so that the search would "automatically" uncover information
relevant in the context of the passage topiec. Hence, thg
activation sources were the concepts mentioned 1in the noun
phrase being processed, together with the topic of the passage.
Normally, the topic was taken to be the subject of the sentence

introduning the passage.
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Experiment Version of the Model. In order to enable the

simulation model to process the passages in experiments like
those in Kieras(1978) and in this paper, certain additions to
the simulation’s grammar rules had to be made. First of all,
most experiments using simple sentences use only the definite
determiner,- -the. The simulation's grammar for definite noun
phrases had to be altered to take 1into account that if a
definite reference could not be resolved, it should be treated

as a reference to a new object.

A more profound change was made in the text grammar to
enable the simulation to respond to incoherent passages. The
change was that if an incoherent sentence 1is encountered, the
topic of the sentence, normally assumed to be the subject noun
phrase referent, is added to a list of topiecs. In a coherent
passage, all sentences can be connected to the toric of the
first; hence the topic list never contains more than one topic.
However, in an incoherent passage, a topic will be added to the
list for each sentence that can not be integrated; as the
passage is read further, sentences that tie together some of the
previously disconnected content result in topics being deleted
from the topic 1list. In the passages used here, ‘and in
Kieras(1978), all of the initially unintegrable sentences were
tied together by the end of the passage, leaving only one final

topic in the list.

Since the passage topic is used as an activation source,
incoherent passages, with their multiple topics, result in

multiple activation sources being used during sentence
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processing. If is assumed, although not explicitly represented
in the simulation, that the topic list is kept in the standard
short-term memory with limited capacity and short retention time

(see discussion in Kieras, 1978).

Model Fitting Results

The first step in fitting the simulation model was to

obtain from the simulation the processing variable values for

each sentence in each presentation order. In this work, the
simulation makes no use of specific word meanings; hence it wa;
not necesssary to have the simulation process each of the actual
passages used in the experiment, since these differec only in
the specific content words used. Instead, a version of the
sentences was prepared in which the content words were replacec
by symbols representing a prototypical passage. So, for

example, the Type A sentences were represented by the sentence

THE N1 WAS RELA THE N2, and the Type B sentences by the sentence

THE N1 WAS ADJB, in which the symbols correspond to the labels
in Figure 1. This set 'of symbolic prototype sentences was
preeented to the simulation in the six different presentation
orders. The simulation provided a 1list of values for the
processing variables for each sentence in each presentation
order. These variables, which were discussed above, are listed
and defined for quigk reference in Table 8. An example of the

simulation output trace during processing a sentenge is shown in

Figure 2.




Table 8

Predictor Variables Used in the Simulation Analyses

Variables Supplied by the Simulation Model

TRANSITS Number of ATN links crossed in parsing the
sentence.
LINKS Number of one-way HAM links built to repres

sentence content.

TOPICS - Number of topic pointer being maintained a

ent the

[

nd used

‘for activation sources in all memory searches done

while processing the sentence.

CYCLES Number of cycles of spreading activation required

for all memory searches done while processi

sentence.

ng the

-TAGGED Number of memory nodes tagged, or activated,

during all memory searches required to proc

sentence.

Variables Added to the Statistical Model

MT ASK The constant effect of being ir the Recall

TTASK The constant effect of béing in the Topic C
Task.

ML INKS The number of one-way HAM links being encod

ess the

Task.

hoice

ed

while processing the sentence for later recall in

the Recall Task.

FIRSTA The constant effect of processing a highly

thematic sentence in the Topiec Choice Task.
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The second sentence

The first sentence shown is

sentence H, which required 37 TRANSITS and 13 LINKS to process.

is sentence J,

Excerpt from the simulation output trace, showing the processing of two
wvhich required 20 TRANSITS and 4 LINKS.

sentences in the High Coherence Topic Last condition.

Figure 2.
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These variables comprised the basic set of predictor
variables in the multiple regression analyses, with certain
other variables being added during the building of "the
statistical model. These additional variables, also sShown in
Table 8, were not 1in fact explicitly represented}lin the
simulation, but are substantive features of the statistical
model. The dependent variable in the analyéés was the mean
reading times for each sentence type in each presentation order

for the three tasks, collapsed across subjects and passages.

These are the means shown above in Tables 5, 6, and 7.

/

The regression analyseé were -onducted using the stepwise
multiple regression program, BMDO2R, 1in which-variables are
added to the prediction equation in descending order of their
contribution toward accounting for variance in th? dependent
variable. As with any multiple regression analysis, decisions
had to be made about which ana how many variables should be
allowed into the regression equation. Three cri*eria were used:
(1) Although many variables could be defined, as few variables
as possible were tried, consistent with the quality of the fit
and the theoretical interpretability of the resulting equations.
(2) Each variable allowed in the equation must have made a
significant, at the .05 1level, contribution to the total
variance accounted for. (3) Since some of the simulation
processing va}iables tend to be correlated (see Kieras, Note 2),
sometimes suppression (Cohen & Cohen, 1975) can occur, in which
one of the variables acts to suppress some of the variability
present in another. In the relevant form of suppression, a new

variable enters the -equation with a negative coefficient.

ol
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Because the simulation processing steps must all take positive

amounts of time, such a variable can not be permitted in the

. equation. Under these criteria, the stepwise process was

terminated when additional variables either made no significant
cont}ibutioq, or resulted in suppression with ‘ negative
coefficients. Hence the regression equations to be réported are

all theoretically defensible and statistically predictive.

The model fitting analyses were conducted in three steps.
The first was to\ fit the simulation model to the individual
reading tasks. Then second was to build a good regression
equation for all three tasks_ together. fhe third was to
contrast the simulation variables with a theoretically empty,
bt empirically meaningful variable, the number of words in the
sentence. This step provides a measure of the value of the
simulation compared to models that are considerably 1less

detailed in terms of processes.

‘Single Task Fits. The multiple regression analysis was

applied separately to the reading times for each task, but using
the same set of values for the simulation processing variables.
A summar‘ of the analyses for the three tasks appears in Tablé
9, showing theé order of entry of each variable, R2, and the
final regression equation. The criteria discussed above
governed at which step the stepwise process wés terminated. As
can be seen, the best fit is on the Free Reading Task, followed
by the Topic Choice Task, with the fit on the Recall Task being

poorest.

]

[a)
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. T y Table 9
Results of Sinale fhsk Regression Analyses

Task Step Variable R2 Final .
7 A Coefficient
P e e R e P R Y ekt
— Free Reading Task -

{ 1. LINKS - .59 #% 035

2. TAGGED 71 e .030

3. TOPICS .75 ¢ .002

CONSTANT | 1.116

Topic Choice Task

1. TRANSITS 51 e .007

2. LINKS .60 #% 036
3. TAGGED 62 # ‘.oos
CONSTANT 1.210
Recall Task ‘
1. LINKS .51 #% 082
2. TOPICS .55 # .068
CONSTANT 2.950
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Some noteworthy features of the equations can be pointed
out. Consistent with the different grand means reported above,
the constaﬁt in the Recall Task is about three times longer than
.in the other two, where.the constants are similar in value. The
estimate for the LINKS coefficient is identical in the Free
Reading Task and the Topic Choice Task, but is about twice as
large in the Recall Task. The other variables do not follow any
obvious pattern, and so wili not be discussed further in terms
of the single task fits. However, LINKS was clearly the most
important variable, as it entered the equation first for both
the~ Free Reading and the Recall Ta;ks, and second after
TRANSITS, in the Topic Choice Task. Henée, a key process in the
modelf representation building, stands out as important 1in
predicting reading times. However, the process differs between
the Recall Task and the other two tasks in that there 1is a

larger coefficient value assigned to LINKS in the Recall Task.

Overall Fits. The next Step in the simulation analysis was
-
to model the complete set of data from all three tasks with a

single regression equation. As-shown by the single task fits,

the Recall Task 1is rather different from the other two. A

simple way of representing the difference in baselines and LINKS
coefficients was tried. A dummy variable (see Cohen & Cohen
1975) was made available to the regression prcgram. This
variable, MTASK, was 0 except for sentences in the Recall Task,
where it was 1, and would thus cover any overall mean difference
between the Recall Task times and the other task times. An
interaction variable (see Cohen & Cohen 1975) was also made

available. This variable, MLINKS, was the product of LINKS and
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MT *<X, and so was O except for the Recall Task sentences. where
it was equal to LINKS. This variable would thus cover the
apparent difference in the LINKS coefficient revealed in the

singie task fite.

Psychologically, MTASK represents the overall effect of
being in a Recall Task, while MLINKS represents the number of
links that must be processad for purposes of recall that do not
have to be processed in the other tasks. That i%, MLINKS is a
measure of tgg amount of memory structure that must be
.emorized, or encoded in LTM, ;or:later recall. It is 0 in the

other tasks because these do not require encoding for tecall.

Table 10 shows the summary of the regression analysis.
while the overall fit 1is very good, with 94% of the variance
among mean reading times accounted for, it must be pointed out
that the Jummy variable MTASK entered the equation first and by
itself accounted for 89% of the variance. Hence the overall RZ
is somewhat misleading because s degeuerate mocel, consisting of

only the con=tant and MTASK, produces most of this overall Re.

As a more realistic measure of the goodress of fit cf this
equation, times predicted by the equation were correlated with
the -bserved times in each task. These values of r2 were .74
for the Free Reading Task, .54 for th» Topic Choice Task, and
.53 for the _ Recall Task. Hence, compare” to the individual task
fits, this one equation gives almost as good a fit to the
separate tasks as the separately fitted equations from the

single task fits. Since this fit is the most interesting of

those to be presented, it is showia graphically in Figure 3 for




Table 10
Overall Task Fit Using MTASK and MLINKS

- e D N . . - - - S S S D S - D D S W S e e e e e

~— Step Jariable R2 Final
Coefficient

. MTASK L9 #¥ 1.794
2. LINKS . .93 b .033
3. MLINKS .94 b .0lo
4. TOPICS .94 ww .038
5. TRANSITS .94 * .006

CONSTANT 1.130

* F-ratio significant at .05, #% at .01.
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the Recall Task, Figure 4 for the Topic Choice Task, and Figure
5 for the Free Reading Task. The figures show the predicted and
observed reading times 1in each presentation order condition,
with the abscissa showing the order of the sentences in the

passage.

A supplementary regression analysis was done to determine
in more detail the role of the MTASK dummy variable. MTASK was
forced to remain out of the equation while MLINKS, LINKS, and
TRANSITS were forced into the equation. Without MTASK in the
equation, the R2 was .80, but LINKS had a negative coefficient,
apparently compensating for a very large coefficient given to
MLINKS and a too-large value for the constant. When MTASK
finally was allowed to enter the equation, the R2 rose to the
previous value of .94 and the final equation in Table 10 was
obtained. Hence the MTASK variable really is required to allow
all of the important variables to have positive coefficients,
but only 14% of the variance accounted for is uniquely

contributed by MTASK.

Considering the final equation in Table 10, the constant
has a value similar to that in the individual task equations in
Table 9 for the Free Reading and Topic Choice tasks. As
represented by MTASK, the Recall Task adds an additional
constant of 1.7¢4 seconds across the board. The .033
seconds/link estimate for the LINKS coefficient agrees with that
in the Free Reading and Topic Choice single task fits, while the
coefficient for MLINKS covers the additional time per link

required in the Recall Task for representation building. In

~
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this equation, the parsing variable TRANSITS accounts for a
small but significant portion of the variance. Finally,
according to the equation, each topic maintained during sentence

processing adds an additional .038 seconds.

?

Despite the overall good fit, examination of the graphs 1in
Figures 3, 4, and 5 reveals some serious discrepancies and some
important details of the fit. Most of the presentation order
cynditions are fit fairly well, except for those in the Recall
Task. An interesting detail of where the fit is good appears in
the Low-Coherence Topic-Last condition in the Free Reading and
Topic Choice Tasks. Both the predicted and observed reading
time profiles are relatively flat. This is due to the fact that
each of the 1initial one-noun sentences contains only new
information, and so takes relatively long because of the need to
build the representation fcr the new referent. The two-noun
sentences that then appear take relatively 1little %time to
process since all of their referents are given, mezning that
little new representation must be built. Hence both the
ome -noun and the two-noun Sentences require roughly the same
amount of processing, and the reading .ime profiles, both as

observed and as predicted, are relatively flat.

The presentation orders in which TOPICS makes the widest
excursions are the Low Coherence presentation orders. In these,
the number of top{cs (chunks, or unintegrated propositions being
held in working memory) increases with each of the first several

sentences (see Table 2)Y. However, for the Recall Task, as shown

in Figure 3, the fAt of the model 1in. K the Low-Coherence

64
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Topic-Last presentation order is very poor; the reading times
after the first three sentences do not continue to increase as
TOPICS does. Since TOPICS*plays only a weak role with its small
coefficient, the simulation predicts an essentially flat profile
in this presentation order for the Recall Task, as in the other
tasks. However the observed reading times dc not follow this
pattern; they first increase, then decrease. Clearly, Recall
Task readers are engaged in some process in this presentation

order condition that the simulation completely fails to capture.

Another discrepancy in the fit provided by the Table 10
equation shows up 1in the Topic Choice Task. Inspection of
Figure 4 shows that the model consistently underpredicts the
reading times on the first sentence in the Topic-First
presentation orders. Moreover, in the Topic-Last conditions,
the reading time on the 1last sentence is also consistently
underpredicted. Some special role for these sentences would be
expected from~ the results in Kieras(Note 1, Note 4, 1978), and
several unpublished experiments on the simple passages, which
show that the first sentence position is particularly important
in what readers consider the main item or idea to be. Also, in
these simple passages, the Type A sentence is strongly perceived
as the main idea, regardless of its position (although it is
chosen as the main idea less often if it appears last). Thus,
the extra time spent on the first sentence and on a final Type A
sentence could be due to topic identification processing
performed by the readers. The first sentence 1is processed
longer because it 1is considered to be an important cue to the

main idea, while if the last sentence is a Type A sentence, its

65
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central position 1in the passage meaaning structure also invokes
additional processing as a cue to the main item. It 1is clear
that the variables provided by the simulation fail to capture
this additional processing. It should be pointed out that the
discrepancies also appear in the Single Task Fit for the Topic

Choice Task; 1in fact, they are somewhat more pronounced.

Another statistical modei was constructed to see whether
representing the extra topic choice processing in the equation
would improve the fit. Another dummy variable, TTASK, was
defined; TTASK was O except for sSentences in the Topic Choice
Task, whgre it was 1. An interaction dummy variable, FIRSTA,
was defined that was 0 overywhere except for highly topical
sentences in the Topic Choice Task, where it was 1. These
sentences were the first sentence or a final Type A sentence in

eacnh passage.
Notice that MTASK and TTASK comprise a complete set of
dummy variables that discriminate the three tasks from each

other. By virtue of their definitions, the Free Reading Task

can be considered as a reference or baseline condition, with the

_other tasgs requiring additional processes and time above .this

condition. This <characterization is appealing because the
Recall and Topic Choice Tasks can be considered as being simply

a Free Reading Task with additional demands on the subject.

The results of the multiple regression are summarized 1in
Table 11. The final R2 is .96. Both TTASK and FIRSTA account
for significant portions of the variance. The constant 1is
smaller than the previous fit, since some of the difference in

66
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Table 11

Overall Task Fit Using TTASK,

FIRSTA, MTASK, and MLINKS

Step Variable

1 MTASK

2 LINKS

3. TTASK

y, MLINKS

5 TOPICS

6. FIRSTA

7 TRANSITS
CONSTANT

.96

t R ]

#* %

* %
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the baseline time bet ween the Topic Choice Task and the Free
Reading Task 1is now represented in TTASK. The coefficient for
TTASK shows that an additional .”32 seconds is required across
the board for the Topic Choice Task, compared to the ¥ree
Reading Task. As shown by the coefficient for FiRSTA, an

additiona> .447 seconds is used on the first sentence or a final

Type A sentence. While the overall fit is only slightly better

than that of Table 10, the predicted reading times on the rirst
and final-A sentences in the Topic Choice Task are considerably
better, being in error by an average of .133 seconds compared to

‘the previous fit average error of .507 seconds.

Comparison with Number of Words. The wuse of a complex

model 1is Jjustified 1if it provides a better account than a
simpler one. Since the main feature of the simulation model 1is
a complex set of processes that operate on the surface form of
the sentence, a good simple opponent to the simulation model is
one based only on the surface form, namely the number of wcrds
fn the sentence. Since the time to read a sentence is clearly a
function of the number of words, and the amount of information
in a sentence is closely related to the aumber of words, this
variable, WORDS, should be a reasonably good predictor of

reading time. If it is as good or better than the simulation,
it could be argued that the lack of parsimony in the simulation
is too high a price to pay for its predictive power. On the
other hand, if the simulation and statistical model together can
account for more variance than WORDS, the use of such a complex

model is clearly justified.
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The vaiiable WORDS was made available to the mult iple
regression analysis along with the variables that were available
in the analysis shown in Table 11. WORDS was set to a value of
4 for each of the one-noun sentences, and at 6 for each of the
two-noun sentenc<s. A useful preview of how WORDS per formed as
a predictor can be had from the correlations between the
candidate predictor variables. WORDS and TRANSITS were very
highly correlated, .988, but WORDS correlated only moderately
Wwith the other simulation variables. WORDS correlated slightly
more with reading time, .187, than did TRANSITS, .169., However,
other variables correlated more with reading time than WORDS:
LINKS correlated .210, MLINKS, .891, and MTASK, .941. Hence it
could be concluded that WORDS could replace TRANSITS in the
regression equation, but not the other simulation variables,
since in the above analyses the other variables were more

important than TRANSITS.

In the regression analysis, WORDS entered the equation only
after the other variables. It did account for a significant
portion of the variance, and carried a coefficient of .068
seconds/word. The other variables had coefficients very similar
to those in Table 11. The final R2 using WORDS 1instead of
TRANSITS wa3s slightly larger, by .0003. Hence, although WORDS
is a better predictor than TRANSITS, it is not Dbetter to any
important extent. Moreover, this regression analysis coafirms
that the other variables are more important than either WORDS or

TRANSITS.
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Discussion of Model Fitting Results

Which Task does the Model Fit Best? Both the single task

fits and the overall task fits show that the simulation model
corresponds most closely to the Free Reading Task. This 1is
reasonable because the simulation was designed prims-ily to
simply comprehend sentences, that is, parse them and build the
corresponding memory representations in working memory. It thus
has little or no explicit machinery to either choose topics or
memorize for recall.. The specific places discussed above in the
Recall and Topic Choice Task data where the model fails to fit
conform to this conclusion. In the Topic Choice Task, subjects
perforred additional procexsing on sentences important to the
choice of topie, and 1in the Recall Task, subjects apparently
exper}enced an 1increasing memory 1load 1in the Low-Coherence
Topic~-Last order, which they appa{gntly met by sloughing the
remaining one-noun sentences. Since the simulation has neither
memory overload problems, nor a strategy for dealing with memory
overload, it simply cannot predict this pattern of reading

times.

Adding the variables MIASK, MLINKS, TTASK, and FIRSTA to
the statistical model results in a good fit in all conditions
except for the Low-Coherence Topic-Last Recall Task. But these
variables have no direct and explicitly represented counterparts
in the simulation model itself. Hence, the final statistical

model includes substantive wvariables. While this certainly

means that the simulation by itself is not an adequate model for

/()
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the Topic Choice and Recall Tasks, the specifiec variables that

have to be added to arrive at a good statistical model point out

in a clear and definite way what the simulation model lacks. On

the other hand, the simulation does do a reasonable Job of

predicting reading times 1in the Free Reading Task which is
)

closest to the kind of task the simulation was originally

designed to do.

How do the Reading Tasks Differ? The Free Reading Task

constitutes a baseline task, which as suggested by the
simulation analysis, 1includes parsing and representation
building processes, but lacks topic finding, memorization, and

memory overload processes.

The Topic Choice Task clearly demands different and

v

additional processes compared to the Free Reading. Extra
amounts of time were required on highly topical sentences, and
an overall longer time of .232 seconds/sentence compared to Free
Reading was required, perhaps because subjects had to keep track

of their current topic choices while reading.

The Recall Task required additional time to be spent on
memorizing memory representations, and a large lincrease in
overall time, almost 2 seconds/sentence. But this rather large
coefficient for MTASK, a variable of considerable predictive
importance, is hard to wunderstand. That 1is, while MLINKS
accounts for additional time based on how much information must
be memorized, MTASK indicates nothing more than an all-or-none

across the board 1increase 1in processing time. It is thus

unrelated to any of the possible o?lpothetical processes that
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might be required in a memorization task, all of which would be

expected to vary in the course of reading a passage.

It i3 possible that the importance of MTASK is not due to
an actual task difference, but to a difference in =subject
motivation; as described above, the Recall Task subjects were
compensated with apparently badly-ne;ded extra credit, and
appeared to be very highly motivated compared to the subjects in
the other tasks who were only paid $2.00. However, this
explanation is really not satisfactory either, since it is still
not clear why a motivational difference would be associated with

a greater baseline reading time that does not vary as a function

of processing requirements while reading a passage.

Finally, the Recall Task also involved memory overload, and
strategies for dealing with mem~rry overload, which did not
appear 1in the other tasks. Hence the hypothesis that
incoherence results in increased memory load(Kieras, 1978)
appears to apply only in a recall task. In the other tasks, the
subjects <re able to process the incoherent sentences without

suf fering from memory load problems.

Thus, by using the simulation as a theoretically based tool
for characterizing reading tasks, the important differences
tetween the reading times are pointed out. Moreover, a
theoretical explanation for the task differences 1is then

available 1n terms of processes represented in either the

simulation model or the statistical .iodel.
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Decomposing Reading Times. The most useful service offered

by the simulation analysis 1is a decomposition of the reading
t,imes into theoretical components. Based on the final fit 1in
Table 11, these components can be summarized. The constant
value indicates that in these tasks and materials, and with the
equipment wused, about 1 second is required to visually percelve
the sentence and make the response to advance to the next
sentence. The parsing process requires about 6 milliseconds per

ATN link transition. Hence for a one-noun sentence, about 120

milliseconds are required for parsing. For the two-noun
sentences, the figure is about 220 milliseconds. Hence, the

total contribution of parsing to the total reading time is
small, which could be expected since it is a very overlearned

skill.

In terms of predicting reading times, the process of
building memory representations 1is the most important process
represented by the simulation. Note that each HAM structure
link actually consists of two one-way links, the total number of
which is represented by LINKS. The estimated coefficient for
LINKS 1is about 33 millisecoads per link. This gives a total of
297 milliseconds of representation building time for a
completely new one-noun sSentence, and about 594 milliseconds for
a completely new two-noun sentence. The figure would be less
for sentences with one or more given referents. The process of
memorizing the sentence repreSentations for later recall
requires an additional 40 milliseconds per link of structure.

Hence, a completely new one-n.ua Sentence would require 360

milliseconds to encode for recall, and a completely new two-noun

Ige:




sentence would require 760 milliseconds.

It was hypothesized that comprehending an incoherent
passage requires the maintenance of topic pointers in memory,
one pointer for each unintegrated portion of input material.
The coefficient for TOPICS shows that it takes an additional 51
milliseconds per topic to process each sentence. It was also
hypothesized that these topic pointers had to be maintained by
rehearsal in short-term memory. The preliminary simulation
analysis reported in Kieras(Note 2) supported this hypothesis
rather well., However, in the present analysis, TOPICS, the
index of this hypothesized 1load, failed ¢to account for the
reading times that showed definite memory load effects in the

Recall Task.

Thus the status of the topic pointer memory load hypothesis
is questionable. If topic pointers must be maintained by
rehearsal, apparently only the Recall Task requires such
rehearsal, even though at least the Topic Choice Task QBuld seen
to require keeping track of the topics. However, the Recall

Task subjects were clearly dealing with the high-memory-load

incoherent portions of the passages in a way that was rather

dif ferent from the subjects 1in the Topic Choice Task and the
Free Reading Task. Perhaps the hypothesized topic pointers do
no. undergo rehearsal unless the material is being encoded for
later recall. Another possibility 1is that the effects
represented by TOPICS are different from the rehearsal-related
effects appearing in the Recall Task. The effect of additional

topic poin.ers is to add competing sources of activation in the




Page 51

memory search; 1if so, then the magnitude of the effect 1is
compatible with the size of the fan-out effects reported by
Anderson(1976). Thus, rehearsal of unintegrated sentence

content and maintenance of topics may be separate processes.

The memory search variables, CYCLES and TAGGED, did not
contribute any important portion of the total reading time in
these data. There are several possible reasons for this. One
i3 that the manipulation of values of these variables was
achieved mainly by means that also changed TOPICS. Hence,
TOPICS might have masked effects of CYCLES and TAGGED. A more

substantive possibility is that the simulation misrepresents the

process of resolving definite references in these sentences.

That is, the sentences contained only a rather simple form of

reference. Each referent was always referred to with the same

simple noun phrase, such as The ants.... Such references might

be processed in a very efficient fashion, without the

complications of the spreading activation memory search as

described in Kieras(1977). Modelling reading times for

sentences using more complicated references might resolve the

problem. Where TAGGED was important, in the Free Reading and

Topic Choice Single Task Fits (see 7Table 9), it carried a

coefficient of 2-3 milliseconds per node activated. The implied

effect is in the right direction: As more nodes must be

activated, it takes 1longer to find each sentence referent.

Demonstrating conclusive fan-out effects in prose comprehension,

and modelling them with a simulation model, is a task for more

specific experiments.
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Finally, the different reading tasks apparently require
some additional task-specific processes that take a constant
amount of time for each sentence, and so do not vary depending
on the processing requirements on each sentence. Whether this
is a reasonable hypothesis, and characterizing the possible
nature of these processes, could be determined by explicit

modelling in a simulation.

CONCLUSION

The above discussion is a detailed analysis of a set of
reading time data based on a simulation model that incorporates
many currently popular ideas about cognitive processes, such as
ATN parsers, semantic memory networks, and spreading actijvation
memory searches. Hence, it was possible to apply some of our
most powerful theoretical ideas to one of our most interesting
problems, that of reading, with the result being that a complex
set of data could be analyzed and interpreted with the aid of a
detailed process model. The success of this venture was
indicated not just quantitatively, in which five variables (see
Table 10) accounted for a reasonably high proportion of the
variance among 198 data points, but also qualitatively, by being
able to pcint out specific sentences in the passages whcse
reading times, as interpreted with the model, revealed
differences in the reading tasks, and where the model was
accurate and where it failed. Thus, this initial trial of the
simulation model and the multiple-regression metheod of

simulation analysis has been successful. But certainly the
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ultimate value of such simulation models and this analysis
method will be determined by further attempts to apply them to

more varied and interesting reading situations.
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